Laser-induced breakdown spectroscopy (LIBS) is excellent for its potential of online compositional analysis. Large signal fluctuation is the major obstacle of LIBS for quantitative analysis application. A kalman filtering method is proposed to estimate the elemental concentration and smooth the quantitative results. The system state model and the measurement model are deduced. The relation matrix between the measured values and system state is estimated based on calibration curve built on some standard samples, and the measurement noise matrix is estimated by the variance of multiple measurements of the spectral intensity. In order to make Kalman filter follow the changes of elemental concentration, the initial value of the covariance matrix of estimation error is reset as a certain rule. The experimental results show that the Kalman filtering method can greatly reduce the fluctuation of quantitative results and improve the measurement accuracy.
Introduction
Laser-induced breakdown spectroscopy (LIBS) is an atomic emission spectroscopy technique associated with the birth and development of the laser [1] . In LIBS, high-energy pulsed laser is converged onto the sample surface, generating the plasma of high temperature and high electron density. By detecting and analyzing the characteristic spectra emitted by plasma, the components of the sample can be qualitatively and quantitatively analyzed.
As a material component detection and analysis technique, there are many advantages for LIBS, such as no sample preparation requirement, light destruction, rapid analysis, remote measurement and real-time online analysis. In recent years, LIBS has being attracted in different applications due to the significant technological progress of laser and detector, as well as the urgent need of real-time measurement [2, 3] .
Curve calibration method is the common quantifying method in sensor technique including LIBS [4] [5] [6] . This method is simple because specific spectral parameters are needless, but the measurement condition should be same with the calibration condition, which is difficult to guarantee in online analysis process [7] . Besides, the stochastic interference induced by environmental changes such as temperature, dust and stray light are rather serious. Therefore, the fluctuation of the signal and final quantitative result is extremely large for online analysis of LIBS.
There are some methods for reducing fluctuation of LIBS. Normalization of the LIBS data with a reference spectral line or a spectral range is a common data treatment to reduce the signal fluctuation [8, 9] . Pane et al. and Feng et al. proposed systematic approaches in which the effects of the plasma temperature and electron density to the line emission are being taken into account [9, 10] . Li et al. proposed a spectrum standardization method which also includes the total number density of the measured species besides the plasma temperature and electron density [11] .
Kalman filter known as a linear minimum variance state estimator, is widely used in the fields of aerospace, navigation, communication and control [12] [13] [14] [15] . In this paper, a kalman filter combed with calibration model is proposed to estimate elemental concentration and greatly reduce the fluctuation of quantitative results.
Method
The obtained measurement signal comprises both useful signal and noise. Kalman filtering as a linear recursive filtering algorithm can achieve the separation of the signal and noise as well as give the system state estimation. Assuming that the system is linear discrete stochastic systems, the model is: Assuming that the elemental concentration does not vary with the measurement points, and thus
can be converted into a unit matrix ( ) k I . The recursive formulas of Kalman filter predicting concentration are as follows:
, called the covariance matrix of estimation error, is a covariance matrix caused by using the former k-1 points to estimate the k-th measurement point;
, is the covariance matrix of measurement noise. Assuming there are n kinds of elements in the sample and l wavelength channels were chosen for each element, then the system state vector is the concentration value of the n kinds of elements, and the observed vector is the measured value of m ( m l n = × ) spectral intensity. According to the linear calibration theory, the relationship between the characteristic spectral intensity and the element concentration can be modeled as following:
Where i s i represents the measured value of the i-th ( 
Where diag( ) represents the diagonal matrix. The serial number k is omitted for simple expression.
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The relation matrix ( ) k H between the measured values and system state, and the measurement noise matrix R are required for using the Kalman filter to estimate element concentration. ( ) k H can be estimated based on calibration curve built on some standard samples, and R can be estimated by the variance of multiple measurements of the spectral intensity, that is ˆ( )
Further, in order to make Kalman filter follow the changes of elemental concentration, the initial value of the covariance matrix of estimation error P is necessary to reset as a certain rule, such as a certain time interval or shot number.
Experimental
The schematic LIBS experimental set-up is shown in Fig.1 . The laser source is a Q-switched Nd:YAG laser with pulse width about 10 ns and wavelength of 1064nm. Samples are placed on an x-y manually controlled stage in the air ambient, and the laser beam is focused on the sample surface by a convergent lens of 75mm focal length. The plasma emission is collected by a 7-fiber bundle and sent to the LIBS2500-7 spectrometers from Ocean Optics, Inc. for analysis in the 200-980nm spectral range. Detailed description is described in reference [16] . Table 1 are used. The selected spectral lines used for calibration curves are listed in Table 2 . These lines were chosen in order to minimize spectral interferences and self-absorption. Calibrations were based on the internal reference method, which can reduce the influence of the fluctuation of some experimental conditions. Reference lines belong to reference element Fe whose concentration is almost constant. 
Results and Discussion
Four linear calibration models were made for element Si, Mn, Cr and V. Three hundreds of laser shots were used for each sample at three different sample surface positions with one hundred at each position. The slops and intercepts of six linear calibration models are shown in Table 2 . Besides, the correlation coefficients of curve fitting are also calculated and shown in Table 2 . Based on the linear models, concentration of these four elements were calculated before and after Kalman filtering using other three hundreds of laser shots for each sample. The average value of three shots was used as one measurement value. Elemental concentration calculated before and after Kalman filtering are shown in Fig. 2 , and the relative standard deviation (RSD) of measured elemental concentration before and after Kalman filtering for six samples are shown in Table 3 . From the experimental results, the RSD of the measured elemental concentration is greatly reduced after Kalman filtering. Furthermore, the Kalman filter can also follow the concentration changing. Though the RSD of the measured concentration of some samples is still high after Kalman filtering, such as the measured concentration of element Si and Mn in the sample 2 and sample 4, this situation may be due to the inhomogeneity of these elements in samples. The inhomogeneity is the sample feature, and thus the fluctuation caused by it is unnecessary to smooth for point analysis. 
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Conclusions
Large signal fluctuation in LIBS is the major obstacle for quantitative analysis application of LIBS. A kalman filtering method is proposed to estimate the elemental concentration and smooth the quantitative results. Experimental results show that the fluctuation of quantitative results can be greatly reduced by the Kalman filtering. This method provides an effective and easy way to improve the measurement accuracy of LIBS technique.
